During evolution segments of homeothermic genomes underwent a GC content increase. Our analyses reveal that two exon-intron architectures have evolved from an ancestral state of low GC content exons flanked by short introns with a lower GC content. One group underwent a GC content elevation that abolished the differential exon-intron GC content, with introns remaining short. The other group retained the overall low GC content as well as the differential exon-intron GC content, and is associated with longer introns. We show that differential exon-intron GC content regulates exon inclusion level in this group, in which disease-associated mutations often lead to exon skipping. This group's exons also display higher nucleosome occupancy compared to flanking introns and exons of the other group, thus ''marking'' them for spliceosomal recognition. Collectively, our results reveal that differential exon-intron GC content is a previously unidentified determinant of exon selection and argue that the two GC content architectures reflect the two mechanisms by which splicing signals are recognized: exon definition and intron definition.
INTRODUCTION
The human genome consists of regions that differ in their GC content. Regions greater than 3 kb in length with a high degree of GC content uniformity are termed isochores. In general, genomes of higher eukaryotes contain regions of high GC content, absent from genomes of lower organisms (Bernardi, 1993) . During the evolution of homeotherms, the gene-rich and moderately GC-rich isochores of the poikilothermic ancestors underwent a major GC increase (Bernardi et al., 1985) . This increase was maintained during the evolution of mammalian and avian orders (Bernardi, 2000) . The genomic organization of GC-rich regions differs significantly from that of GC-poor regions. For example, it has been found that chromosomal regions of high GC content exhibit higher gene densities (Bernardi, 2000; Lander et al., 2001) and, hence, higher CpG island densities (Cross et al., 2000) . In addition, the density of short interspersed repetitive DNA elements is higher in GC-rich genomic regions (Bernardi, 2000) . Several studies revealed that gene structure also differs significantly between genes located within regions of high GC content versus genes located within low GC content regions. Human housekeeping genes, for example, contain a relatively high GC content and were found to include short introns (Bernardi, 2001; Eisenberg and Levanon, 2003; Lercher et al., 2003) .
Splicing is an ancient molecular mechanism, existing even in unicellular eukaryotes such as yeasts. Splicing regulatory proteins are also highly conserved from human and mouse to insects and plants ( Barbosa-Morais et al., 2006) . Moreover, several experimental SELEX (Systematic Evolution of Ligands by Exponential Enrichment) (Cartegni et al., 2003) and HITS-CLIP (HIgh-Throughput Sequencing of RNA isolated by Cross-Linking ImmunoPrecipitation) (Licatalosi et al., 2008; Zhang and Darnell, 2011) studies revealed that these splicing regulatory proteins identify specific sequence motifs, which obviously contain specific GC contents. Since density of sequence motifs contributing to splice-site recognition is high throughout the transcriptome, the splicing mechanism must have adapted as genes of higher eukaryotes became more GC rich.
Current knowledge suggests that virtually all human multipleexon genes are alternatively spliced (Pan et al., 2008; Wang et al., 2008) . Understanding why some exons are constitutively recognized by the splicing machinery while others are not could shed light on the basal factors that govern splice-site recognition. Since GC content affects characteristics involved in splice-site recognition, it is plausible that GC content may also directly affect splice-site recognition. Two models of the recognition of the splicing unit were proposed: intron definition and exon definition. In the first, the splicing machinery recognizes the intron as the splicing unit and places the basal splicing machinery across introns. As the splicing machinery is limited in its ability to recognize introns of a certain length, these introns are probably under evolutionary selection to remain short. Indeed, in lower eukaryotes, where introns are generally small and can be directly recognized by the splicing machinery, intron definition is probably the dominant mode of splicing. On the other hand, in higher eukaryotes, such as vertebrates, where most introns were lengthened, the splicing machinery had to adapt its mode of recognition to identify the short exons among the long introns-the exon definition model (Ast, 2004; Berget, 1995; Gelfman et al., 2012; Hertel, 2008; Keren et al., 2010; Niu, 2008; Ram and Ast, 2007) .
In this study, we examined effects of GC content on splice-site recognition. We found that exons in low GC content regions are flanked by introns with markedly lower GC content, whereas exons located in high GC content regions have roughly the same GC content as do their flanking introns. Intron lengthening during mammalian evolution occurred mainly within lower GC content gene environments and disease-associated mutations leading to exon skipping are predominantly located within these genes. Presumably, this is the result of different ways by which exons and introns are recognized, namely, exon versus intron definition. Exons in low GC content regions are flanked by long introns and are thus arguably spliced via exon definition. We hypothesize that the difference in GC content between the exons and their flanking introns constitutes a ''flag'' meant to assist the recognition of the short exonic sequence by the splicing machinery in the vast intronic landscape. However, such a flag is unnecessary in the case of exons flanked by short introns, which are presumably spliced via intron definition. We validated our hypothesis both by bioinformatic analyses and by experimental examinations.
RESULTS

GC Content and Intron Length
Genomes of higher eukaryotes contain isochores, namely regions of uniform GC content that differs from adjacent regions. To illustrate how the elevation in GC content has affected mammalian and avian genomes, we studied gene structure in eleven organisms. The genomes we analyzed are of mammals (human, cow, mouse, opossum, and platypus), bird (chicken), other vertebrates (frog, fugu, and zebrafish), invertebrates (Caenorhabditis elegans), and plants (Arabidopsis thaliana) (see Figure 1A for the evolutionary relationships among the species). First, we analyzed the relationship between GC content and intron length in different species. The results revealed that GC content of mammalian, avian, and frog exons negatively correlated with the length of their flanking introns, whereas in other species the opposite trend was observed ( Figure 1B ). Moreover, mammalian and avian genomes similarly exhibit a separation to two groups of exons: GC-rich exons flanked by short introns and GC-poor exons flanked by long introns ( Figure 1C ; red and blue lines, respectively). The genome of the vertebrate zebrafish reveals the opposite trend in this respect, and is much more similar to the trend revealed in the C. elegans genome ( Figure 1C ). These results are consistent with previous studies concerning GC content elevation in mammalian and avian genomes (Bernardi, 2000; Bernardi et al., 1985) . We assume that the separation into these two exon groups occurred in concert with the GC content elevation.
GC Content and Gene Structure
Previously, exon-intron architecture has been shown to influence splice-site recognition (Berget, 1995; Fox-Walsh et al., 2005; Gelfman et al., 2012; Schwartz et al., 2008; Sterner et al., 1996; Talerico and Berget, 1994) . It has also been suggested that intron length significantly affects the efficiency of the pre-mRNA splicing reaction and splice-site recognition (Hertel, 2008) . Our results (Figures 1B and 1C) imply that the GC content elevation was accompanied by a change in gene structure, to which the splicing machinery must have adapted in order to maintain proper splicing. We therefore examined the exon-intron architecture of the human genome with respect of its GC content ''structure.'' Remarkably, the results revealed that introns flanking exons of low GC content are not only long, but also contain markedly lower GC content than do the exons. However, introns in GC-rich regions exhibit similar levels of GC content compared to the exons they flank (see Figure 1D -''Human'' panel). This finding was also observed for the orthologous exons and introns of other mammalian and avian genomes including those of the cow, mouse, opossum, platypus, and chicken ( Figure 1D ). This differentiation was not observed in frog, fugu, zebrafish, C. elegans, or A. thaliana.
Previous studies showing that introns have undergone lengthening throughout the course of evolution (Collins and Penny, 2005; Deutsch and Long, 1999; Gelfman et al., 2012; Lynch and Conery, 2003; Roy and Gilbert, 2006; Yandell et al., 2006) , together with an examination of our results along the evolutionary tree, suggest that the ancestral form most likely contained genes with short introns that had significantly lower GC levels than the exons they flanked. Indeed when using maximum parsimony to reconstruct the ancestral gene structure GC state, this assumption was confirmed (Extended Experimental Procedures, Figure S1 available online). These results suggest that differences in GC content between exons and introns ''mark'' the exon for the splicing machinery. This might explain how exons flanked by long intronic sequences are recognized by the splicing machinery: since the difference in GC content discriminates intronic sequences from exons, it could ''flag'' the exons and compensate for longer intronic sequences that (D) A plot of the average GC content in each position within exons extending 150 nt into their upstream (left) and downstream (right) introns (exons were scaled to fit in a 100 bp window; splice-site signals were omitted; exon/intron boundaries are marked by black vertical lines). The plot depicts the averages for exons flanked by long (blue) and short (red) introns. In cases marked by an asterisk we used data from a whole exome instead of orthologs (due to lack of data). See Figure S1 . would otherwise mask the exons. On the other hand, in high GC content regions such a difference in GC content does not exist, and therefore the introns were presumably under a stronger selective pressure to remain short so that splicing unit recognition is not obstructed. The short introns in high GC content regions are presumably recognized through the intron definition mechanism, and a marking of exons by sequence composition is not required.
Evolutionary Constraints on Splice-Site Signals of Exons Flanked by Long Introns
To further examine the differences between the two exon groups we next examined constraints acting on the splice-site signals of exons flanked by long introns (''low GC'' group) compared to exons flanked by short introns (''high GC'' group; see Extended Results). Long introns lead to a stronger dependency on core splicing signals such as the 3 0 and 5 0 splice-site signals and the branch site sequence ( Figure S2 ).
Connection between GC Content and Splicing Unit Recognition
Since GC content correlates with characteristics involved in the recognition of the splicing unit, such as intron length and splicesite signal strength, we suspected that GC content may also directly affect the recognition of the splicing unit. Splicing mutations constitute at least 15% of disease-causing mutations (Blencowe, 2000; Cooper and Mattox, 1997; Cooper et al., 2009; Fairbrother et al., 2004; Hastings and Krainer, 2001; Krawczak et al., 1992) . Therefore, understanding the molecular mechanisms that differentiate between intron retention and exon skipping is of great importance for biomedical purposes. Our data support the assumption that the shift in GC content led to the appearance of two types of exon-intron structures and that the splicing machinery handles each group differently. We further hypothesized that splicing-disrupting mutations adjacent to introns that are most probably selected via the intron-definition mechanism might result in a retained intron, whereas similar mutations near exons that are selected via the exon-definition mechanism lead to exon skipping (Ast, 2004; Ram and Ast, 2007) . If so, does GC content correlate with the outcome of mutations and can we predict the fashion in which a mutation affects the splicing pattern of an exon by analyzing its structure?
To this end, we compiled a data set of 199 intronic diseaseassociated mutations that lead to the skipping of the adjacent exon (Experimental Procedures). Skipping of these exons causes a disease, indicating that these exons are of functional importance. Remarkably, we were unable to construct a similar data set of disease-associated mutations that lead to intron retention events. We assume that this is due to the fact that intron retention is the least prevalent type of alternative splicing (Kim et al., 2007; Wang et al., 2008) and that mutations leading to intron retention are likely to cause the mature mRNA to be treated as unspliced mRNA by the exosome and therefore be degraded. Instead, we compiled a data set that includes 584 highly significant tissue-specific intron retention events (Experimental Procedures). Next, we determined the GC contents of the skipped exons and their flanking introns and the GC contents of the retained introns and their corresponding upstream and downstream exons. The overall GC content level of the retained introns and their flanking exons is considerably higher than that of the overall GC content level of the skipped exons and their flanking introns ( Figure 2 ). The GC content of the disease-associated skipped exons was higher than that of their upstream and downstream introns, with exon GC content roughly 7% higher. This difference is similar to the trend observed in exons exhibiting low GC content and flanked by long intronic sequences (Figure 2 , compare panels A and C, respectively). On the other hand, GC content was only slightly lower in retained introns relative to their upstream and downstream exons (by 4.2% and 2.1%, respectively). This resembles the phenomenon observed in exons exhibiting high GC content and flanked by short introns (Figure 2, compare B and D, respectively) . This analysis demonstrates that the GC content profiles of exon skipping events in diseases and intron retention events highly resemble those of the two distinctive GC content groups we identified. It therefore indicates toward the existence of a relation between GC content architecture and the splicing product. Moreover, our results imply that some of the differences in gene structure are related to different ways by which the splicing machinery identifies introns and exons, namely exon definition versus intron definition.
Exon-Intron Differential GC Content Specifies Splicing Pattern Despite Intron Length Changes
To further test the validity of our hypothesis that GC content contributes to recognition by the splicing machinery, we cloned seven representative human exons along with their flanking introns and exons (see Experimental Procedures and Extended Experimental Procedures) into a minigene reporter system. The minigenes were composed of three exons separated by two introns, and were cloned into a pEGFP-C3 vector to test their splicing pattern in vivo. The minigenes evaluated represent the two distinct GC content groups as well as the ancestral form. The first group is characterized by (1) long introns, (2) overall low GC content, and (3) differential GC content between exons and introns (CA3, THSD7B, MDH1, and DDX60). The second group represents the ancestral gene structure and is characterized by (1) short introns, (2) overall low GC content, and (3) differential GC content between the middle exon and its flanking introns (MYH1 and TTN). The third group is characterized by (1) short introns and (2) an overall high level of GC content with (3) no differential GC content between exons and introns (PLXNB1). (See additional information in Table S1 .)
Our findings suggest that exon-intron differential GC content contributes to exon selection. In order to test this hypothesis, we first set out to examine the effect of intron length on the splicing pattern of exons flanked by introns of substantially lower GC content. We were able to do that by altering intron length in four minigenes: MYH1 and TTN with short flanking introns and CA3 and THSD7B with long flanking introns. It is important to note that all intron modifications were performed without altering the original splice sites. We lengthened the introns of the MYH1 and TTN minigenes by an insertion of either 500 nucleotides (nt) or 2,000 nt long segments. Original intron lengths were 100 nt. The GC content level of the inserted segments was similar to that of the original introns. We shortened each intron of the CA3 and THSD7B minigenes from approximately 2 kb to 150-450 nt by deleting central intronic segments in order to avoid impairing the effects of regulatory sequences as their frequency is higher near the splice sites (Fairbrother et al., 2004; Majewski and Ott, 2002; Sorek and Ast, 2003; Sugnet et al., 2006; Yeo et al., 2007) . Nevertheless, this does not exclude the possibility that in some cases we eliminated regulatory sequences.
The wild-type (WT) MYH1 and TTN minigenes exhibited inclusion of the middle exon ( Figures 3A and 3B, lane 1, respectively) . Lengthening the introns by 500 nt or by 2,000 nt did not alter the splicing pattern ( Figures 3A and 3B, lanes 2 and 3) . Interestingly, it seems that considerable differential GC content between the introns and the central exon allows lengthening of the introns even 20-fold without impairing recognition and splicing of the exon.
The WT CA3 and THSD7B minigenes exhibit inclusion of the central exon ( Figures 3C and 3D , lane 1, respectively). After shortening the downstream intron to 150 nt the CA3 exon remained included ( Figure 3C , lane 2) and the THSD7B exon was mostly included as well ( Figure 3D , lane 2). Shortening of the CA3 and THSD7B upstream intron to 300 nt and 450 nt, respectively, did not alter the splicing pattern, and the exon remained included ( Figures 3C and 3D , lane 3; see also Extended Results and Figure S3 ). Finally, shortening of both introns did not change the splicing pattern of the CA3 exon and the THSD7B central exon was mostly included ( Figures 3C and 3D 
. Connection between GC Content and Splicing Unit Recognition
The GC content (y axis) of (A) the surrounding genomic area of exons that are skipped due to disease associated mutations and (B) the surrounding genomic area of alternatively retained introns. For comparison we performed a similar analysis for (C) exons flanked by introns that were defined as part of the ''low GC'' content group and (D) introns and flanking exons that were part of the ''high GC'' content group. See Experimental Procedures for a description of sequence selection. See Figure S2 .
inclusion of the central exon. In general, these results demonstrate that exon-intron differential GC content compensates for intron length manipulations and contributes to exon selection.
Splice-Site Mutations Adjacent to the Exon-Intron GC Content Differential Lead to Exon Skipping
Our results imply that it is possible to provide a priori predictions for the effect mutations would have on the splicing activity of exons flanked by long introns of lower GC content (Figures 2A  and 2C ). To evaluate this we abolished the 3 0 or the 5 0 splicesite signals of the CA3, MDH1, DDX60, and THSD7B minigenes that exhibit exon-intron differential GC content ( Figures 3E-3H ).
The WT exons were all recognized and constitutively or alternatively spliced ( Figures 3E-3H , lane 1). In accordance with our bioinformatic findings, impairing the 3 0 splice site or 5 0 splice site led to full skipping of the CA3, MDH1, and DDX60 exons ( Figures 3E-3G, lanes 2 and 3) . Abolishing the splice-site signals of the THSD7B minigene caused exon skipping as well the selection of cryptic splice sites ( Figure 3H, lanes 2 and 3) . It is of interest to note that the 23 nt segment that was included due to the cryptic 3 0 splice-site selection ( Figure 3H , lane 2) has high GC content (52.2%) compared to the GC content of the intron (37%). Hence, the high GC content platform within a low GC environment remains. Our results demonstrate that just as mutations adjacent to an exon-intron GC content differential lead to disease-associated exon skipping events, so do mutations of the same sort in the splice sites of exons flanked by introns of lower GC content. This constitutes an additional indication that the exon-intron GC content differential influences the way by which the splicing machinery identifies exons.
The Relationship between the Exon-Intron Differential GC Content and the Inclusion Level of Alternative Exons
Since we have shown that the exon-intron GC content differential is associated with exon selection, we were also interested in examining the relationship between exon inclusion levels and the size of the exon-intron GC content differential. In this analysis, we used the abovementioned intron retention data set as well as an exon skipping data set that include tissue-specific readings across 48 human tissues and cell lines (Experimental Procedures). In agreement with our previous findings, more alternative splicing events of the exon skipping type were found within the group exhibiting exon-intron differential GC content rather than the group with uniformly high GC content across exons and their flanking short introns (599 versus 360 events, respectively). On the other hand, intron retention events were almost exclusively found within the group with similar GC content in both introns and exons (292 events) rather than the group with differential GC content (only one event). These results suggest a possible connection to the manner in which the spliceosome recognizes the primary splicing unit (e.g., either the exon or the intron) in different genomic architectures. Moreover, examination of the 599 exon skipping events found in the group exhibiting exon-intron differential GC content revealed that as the GC differential increased so did the percentage of transcripts that included the alternatively spliced exon. In essence, a positive relationship between the size of the GC differential and exon inclusion level was identified ( Figure 4A ). Next, we plotted the GC content distributions of both low GC (599 cases) and high GC (360 cases) alternatively skipped exons against their corresponding GC content groups. This was performed in order to ensure that the GC content distributions of the low and high GC skipped exons resemble that of their corresponding groups, so we could treat them as their valid representatives. Indeed, our results show that the low GC skipped exons resemble the low GC content group and that the high GC skipped exons are similar to the high GC content group (see Figure 4B ). These results suggest that the GC content difference between the exon and its surrounding introns may affect the measure in which an exon is included in the mature RNA transcript. We examined the relationship between the splice-site signal strength (calculated using the Shapiro and Senapathy algorithm; (B) Exon-intron GC differential distribution of four groups: ''low GC,'' ''high GC,'' low GC skipped exons, and high GC skipped exons. The x axis represents the GC differential and the y axis represents the density.
(C and D) The mean splice-site scores (y axis) of the ''low GC'' group were plotted against the exon-intron GC differential (x axis) for both the (C) 3 0 splice site and the (D) 5 0 splice site. The confidence intervals represent the standard error of the mean of each bin. See Figure S4 . Shapiro and Senapathy, 1987) and the GC difference between the exon and its surrounding introns. Strengths at both the 3 0 and 5 0 splice sites weakened as the exon-intron GC content differential became higher ( Figures 4C and 4D ). This suggests that the elevation of the exon-intron GC content differential may compensate for the weaker splice-site signals. Furthermore, GC-rich splicing enhancers were previously shown to be distributed differently in human introns according to intron length (Yeo et al., 2004) . We examined the prevalence of these sequences in both exon-intron GC architectures while controlling for GC content (Extended Experimental Procedures). Our results revealed them to be similarly overabundant in both GC groups ( Figure S4 ), suggesting they do not contribute to the differences observed between the group displaying exonintron differential GC content and the group without it. Finally, all of the aforementioned results do not only indicate that exon-intron differential GC content impacts exon selection, but rather that the size of the GC content differential has an effect on exon inclusion levels.
Generating Exon-Intron GC Content Differential Rescues Splicing
The abovementioned results indicate that differential GC content impacts exon selection. To further examine this we decided to use a minigene, in which the central exon and its flanking introns do not exhibit differential GC content (from the high GC content group), and to facilitate such a differential in order to test its effect on splicing. As a control, we took low GC content minigenes with exon-intron differential GC content (from the ancestral group) and a high splicing efficacy, and abolished the GC differential. We chose one minigene, PLXNB1, from the high GC content group and two minigenes, MYH1 and TTN, from the ancestral group for this evaluation (all three minigenes include short introns; the scores of the gene splice sites are indicated in Table S2 ). Strikingly, when we generated a GC content differential by replacing the introns of PLXNB1 with those of MYH1 or TTN, a significant change in splicing pattern was observed. The central exon in WT PLXNB1 is fully skipped ( Figures 5A and 5B, lane 1) , and the intron replacement has led in both cases to exon inclusion as well as to the retention of the upstream intron ( Figures 5A and 5B, lane 2) . When we replaced the flanking introns of MYH1 and TTN with those of PLXNB1 to eliminate the exon-intron differential GC content, we found that the splicing pattern changed from a fully included central exon in the WT minigenes to a fully skipped central exon in the chimeric minigenes ( Figures 5C and 5D ). In conclusion, we have shown that transforming a minigene without an exon-intron GC content differential into one that has a GC differential rescues splicing of an otherwise skipped exon; in contrast, loss of exonintron GC content differential inhibited exon recognition. These results indicate that the GC content differential between exons and their flanking introns is a major component in the exon selection process.
Increase and Decrease of Exon-Intron Differential GC Content Affect Exon Selection
Our previous finding has demonstrated that generating exonintron differential GC content leads to exon inclusion. In addi-tion, our bioinformatic analysis (displayed in Figure 4A ) indicates that the higher the exon-intron GC differential the more included the exon. This led us to examine the effect distinctive exonintron differential GC content levels have on exon inclusion. To this end, we systematically modified the GC content of the middle exon of several minigenes and examined the outcome on the splicing activity. We used the MDH1, DDX60, CA3, and THSD7B minigenes, which are derived from the group of exons flanked by long introns of substantially lower GC content. We replaced the middle exon of each minigene with one of two exons of the same length while maintaining the original splice sites. One exon was of lower GC content and the other of higher GC content (see Table S3 ). The WT MDH1 and DDX60 minigenes were alternatively spliced ( Figures 5E and 5F, lane 1) . Replacing the middle exon of each minigene with another of higher GC content resulted in an elevation of the inclusion level to full exon inclusion ( Figures 5E and 5F, lane 2) , whereas the replacement with a lower GC content exon led to full exon skipping in the MDH1 minigene ( Figure 5E, lane 3) and to a higher level of exon skipping in the DDX60 minigene ( Figure 5F, lane 3) . In the same vein, the WT CA3 exon was fully included ( Figure 5G,  lane 1) , and decreasing the differential GC content led to alternative splicing ( Figure 5G, lane 3) , whereas its increase kept the exon fully included ( Figure 5G, lane 2) . Finally, The WT THSD7B exon was fully included ( Figure 5H, lane 1) , and, in accordance with our other results, the lower GC content exon was fully skipped ( Figure 5H, lane 3) . The higher GC content exon replacement resulted in exon inclusion as well as the selection a cryptic 3 0 splice site ( Figure 5H, lane 2) . Interestingly, the 23 nt segment included due to the cryptic 3 0 splice site is the same one of elevated GC content previously described ( Figure 3H, lane 2) . It maintains the high GC content platform within a low GC environment. These results demonstrate that increasing the differential GC content between the exon and the flanking introns improves exon recognition, and elevates exon inclusion level, whereas decreasing it enhances exon skipping. Our findings indicate to the importance of the exon-intron GC content differential in the correct identification of exons by the splicing machinery.
Nucleosome Occupancy Differs According to Exon-Intron GC Content Architecture
To further investigate how the exon-intron differential GC content may contribute to exon recognition we examined exon-intron GC content architecture from an epigenetic perspective. Previous studies have shown higher level of nucleosome occupancy in exons compared to the flanking intron sequences. This suggests that exon recognition may be facilitated by chromatin organization (Kolasinska-Zwierz et al., 2009; Kornblihtt et al., 2009; Schwartz et al., 2009; Tilgner et al., 2009) . Moreover, nucleosomes tend to bind GC-rich, rather than AT-rich sequences (Prendergast and Semple, 2011; Tillo and Hughes, 2009) . It therefore appears that the GC topography of introns and exons may drive nucleosomes to bind exons preferentially, ensuring their identification by the splicing machinery Schwartz and Ast, 2010) . We set out to examine the nucleosome occupancy in both the high and low GC content groups by analyzing genome-wide nucleosome-positioning in human T cells (Experimental Procedures). Our results revealed a different spatial distribution of the nucleosome occupancy along the exon-intron structure of these groups. In high GC content introns, there was higher nucleosome occupancy than in low GC content introns. Interestingly, exons of the high GC content group had only a slight elevation in nucleosome levels compared to their flanking intron, whereas exons in the low GC group had substantially higher nucleosome occupancy than did their flanking introns. Even more surprising is the fact that in spite of their GC content level the low GC exons exhibited higher nucleosome occupancy than the high GC exons group ( Figure 6A) .
We experimentally validated these results by measuring nucleosome occupancy of representative genes from the high and low GC content groups: PLXNB1 and THSD7B, respectively.
For each gene, we tested the endogenous nucleosome occupancy of the exon, which was previously used for our analyses, and its flanking introns (see Extended Experimental Procedures). Even though both internal exons exhibited significantly higher nucleosome occupancy levels than flanking introns (Mann-Whitney test p < 0.01), we found that THSD7B, the gene with the lower GC content, had exon-intron differential nucleosome occupancy two hundred times higher than that of the PLXNB1 gene ( Figure 6B ). 
DISCUSSION
In this study, we examined gene structure in GC-poor versus GC-rich regions. Mammalian and avian genomes, but not invertebrates and zebrafish, exhibit a negative correlation between the GC content of exons and the length of their flanking introns. The exons in low GC content regions are flanked by introns with markedly lower GC content, a phenomenon absent in exons in high GC content regions. Reconstruction of the ancestral state revealed a plausible genomic structure of exons surrounded by short introns that significantly differ in their GC content level.
This genomic structure has evolved into two distinct groups of exons: (1) regions displaying elevated GC content containing exons flanked by short introns and (2) low GC content regions containing exons flanked by long introns with a significantly lower GC content than the exons. These two groups were noticeable in our analysis in the chicken genome and present in all of the examined mammals ( Figure 1D ). Presumably, this is the result of the two different ways by which the splicing machinery recognizes the primary splicing unit. Two models for the mechanism of exon and intron selection were previously suggested: intron and exon definition. In intron definition, the Figure 6 . Nucleosome Occupancy Differs According to Exon-Intron GC Content Architecture (A) The spatial distribution of nucleosome occupancy in human T cells was examined for low GC content genes with a significant exon-intron GC content differential (blue) and the high GC content gene without such a differential (red). The x axis represents the examined structure containing exons flanked by 500 bp from each side. The y axis represents the fraction of nucleosome occupancy in each position. splicing machinery recognizes an intronic unit and places the basal splicing machinery across introns. As this type of recognition is presumably impaired in long introns, the introns recognized by intron definition are probably under evolutionary selection to remain short. Indeed, in lower eukaryotes, where introns are generally short and can be directly recognized by the splicing machinery, intron definition is probably the dominant mode of splicing. On the other hand, in higher eukaryotes, such as vertebrates, where most introns are long, the splicing machinery had to adapt to identify short exons among the long introns via the exon definition mechanism (Ast, 2004; Berget, 1995; Hertel, 2008; Keren et al., 2010; Niu, 2008; Ram and Ast, 2007) .
Our results suggest that GC content differences are associated with two different types of alternative splicing: intron retention and exon skipping. In general, we expect an exon to be skipped where the splicing machinery fails to recognize it, namely, where exon definition is the dominant mechanism. We analyzed introns containing disease-associated mutations that cause an adjacent exon to be skipped. We examined these events since their causing a known disease proves they occur and implies these exons' functional importance. The skipped exons have significantly higher GC content than the flanking introns. This result resembles our finding concerning exons embedded within low GC content regions (Figures 2A and 2C) . Our results therefore imply a connection between a significant exon-intron difference in GC content and exon recognition via the exon definition mechanism. On the other hand, examination of intron retention events in numerous organs and cell lines revealed minor difference in GC content between the neighboring exons and the retained intron ( Figures 2B and 2D) . The fact that we did not find a considerable GC content difference in the intron retention cases along with the fact that intron retention events are associated with short introns (Berget, 1995; Talerico and Berget, 1994) suggest that these events are probably the result of the splicing machinery's difficulty in recognizing these introns via the intron definition mechanism.
Since exons in low GC content regions are flanked by long introns, they are presumably spliced via exon definition. We hypothesized that the difference observed in GC content between the exons and their flanking introns ( Figure 1D ) helps ''mark'' these exons for recognition by the splicing machinery. This marking is less important for the recognition of exons flanked by short introns, as they are arguably spliced via intron definition. Our experimental results demonstrate that the lengthening of short introns surrounding exons of substantially higher GC content does not change the splicing pattern of those exons, and they remain included in the mRNA (Figures 3A and 3B ). We found these results interesting since previous studies have shown that, in accordance with the intron definition model, expansion of small introns in yeast or Drosophila causes loss of splicing, cryptic splicing, or intron retention (Guo et al., 1993; Talerico and Berget, 1994) . Since the intron expansion presumably lead to a switch of splice-site recognition from cross-intron interactions to cross-exon interactions (Fox-Walsh et al., 2005) , we propose that the exon-intron GC content differential compensates for the intron expansion. Reciprocally, shortening of long introns flanking exons of considerably higher GC content did not inhibit exon selection (Figures 3C and 3D) . Of further indication of the role the exon-intron GC content differential has in exon definition is the fact the splice-site mutations adjacent to it led almost exclusively to exon skipping ( Figures 3E-3H) .
In addition to the general association between GC content architecture and splicing unit recognition, we were also able to identify a positive correlation between the exon-intron GC content difference and the inclusion level of alternatively spliced cassette exons; specifically, the higher the difference the more the exon is included ( Figure 4A ). We find this phenomenon even more interesting since exon inclusion levels increase despite a decrease in 5 0 and 3 0 splice-site signal scores ( Figures  4C and 4D) . This further stresses the importance of the difference in GC content between exons and introns and indicates that the magnitude of that difference may play a role in finetuning exon inclusion levels.
To illustrate the importance of the GC topography in exon selection, we replaced the introns of the high GC content group (i.e., short introns with a high GC content level similar to that of the central exon) with introns of lower GC content. In this manner, we created an exon-intron GC content differential that was not present in the WT minigene. This changed the splicing pattern from exon skipping in the WT minigene to products that included the central exon ( Figures 5A and 5B) . A reciprocal change-abolishing the exon-intron GC content differential by replacing low GC content introns with high GC content introns-led to an opposite result. In this case, we observed a change from exon inclusion in the WT construct to exon skipping ( Figures 5C and 5D ). Although the effect the exon-intron GC content difference has in a short intronic environment is unclear, the fact that we did not change the splicing mode (according to intron length; Talerico and Berget, 1994) , but did abolish the exon-intron GC content difference, may suggest its involvement in the intron definition mechanism as well.
To further illustrate the effect of the exon-intron GC differential, we designed an experiment meant to provide a wider understanding concerning the effect distinct levels of differential GC content have on exon splicing. We replaced exons from the low GC content group (i.e., those with long introns with lower GC content compared to the central exon) with exons with higher or lower GC content. Our findings revealed a positive relationship between the exon-intron GC content differential and the inclusion level of the exon (Figures 5E-5H ). Increasing the differential GC content of the exon increased exon inclusion while decreasing it elevated exon skipping levels.
We do not assume that core spliceosomal components are more likely to associate with GC-rich genomic areas. We do show, however, that epigenetic markers, which impact splicing, are affected by GC content. It has been shown that nucleosome occupancy is higher in exons than introns. Thus, exon recognition may be facilitated by chromatin structure (de Almeida et al., 2011; Kim et al., 2011; Kolasinska-Zwierz et al., 2009; Kornblihtt et al., 2009; Schwartz et al., 2009; Tilgner et al., 2009) . Moreover, nucleosomes tend to bind GC-rich sequences rather than AT-rich sequences (Prendergast and Semple, 2011; Tillo and Hughes, 2009) . It therefore appears that the GC topography of introns and exons may serve as a force that drives nucleosomes to bind exons preferentially, thus ensuring their identification by the splicing machinery Schwartz and Ast, 2010) . Our results add another layer concerning exon ''marking'' by nucleosome occupancy. We suggest that the variable differential GC content in exons flanked by long introns may be associated with exon recognition via exonic nucleosome enrichment. This hypothesis was supported by our results (see Figure 6 ) and those of previous studies indicating nucleosome enrichment in exons flanked by long introns compared to exons flanked by short introns (Spies et al., 2009 ). However, our analysis differs from that of Spies et al. (2009) since intron definition was previously suggested to be limited to intron length of 300 bp (Berget, 1995; Hertel, 2008) , and therefore Spies et al.'s categorization of short introns (500-1,000 bp) is irrelevant to this mode of splicing recognition, and cannot be applied to our analysis. Moreover, their categorization of exons flanked by short introns (500-1,000 bp) and long introns (>5 kb) resulted in smaller intron data sets-approximately 35% of human introns-compared to roughly 50% in our analysis. Finally, our study has added an extra layer of information regarding differential GC content correlation with nucleosome occupancy in these specific gene structures.
Furthermore, we postulate that the observed changes in splicing pattern brought by manipulations of GC differential size in a minigene system ( Figures 5E-5H ) could be mediated by nucleosomal changes. In that respect, it is of interest to note that previous works have already shown a connection between the splicing mechanism and chromatin structure using a minigene system in order to recapitulate endogenous gene behavior (Nogues et al., 2002; Schor et al., 2009; Subtil-Rodríguez and Reyes, 2010) .
Overall, the results we present show that during evolution changes in genomic GC content architecture had a fundamental impact on the splicing machinery, arguably resulting in a separation into two modes of splicing unit recognition-intron and exon definition. These two recognition modes could represent two exon groups: one contains considerable differential GC content compared to their flanking introns while the other does not. The exon group exhibiting differential GC content compared to flanking introns, which remained similar to the ancestral state in that respect, is better recognized by the splicing machinery. This presumably allowed the expansion of the flanking introns without losing exon recognition via the exon definition model. This strongly supports the hypothesis that alternative splicing became prevalent in mammalian and mostly human genomes due to intron expansion, as expansion beyond a certain length led to suboptimized recognition of internal exons and therefore to exon skipping, the most abundant form of alternative splicing. Thus, we have identified a determinant for exon recognition, as our results indicate that GC content architecture has an influential effect on the identification of exons embedded between long introns, arguably via exon definition.
EXPERIMENTAL PROCEDURES
Analysis of GC Content in Exons and Their Flanking Introns
For ''genomic data set compilation,'' see Extended Experimental Procedures. We used the annotation provided by the University of California, Santa Cruz (UCSC) tables to identify the flanking introns of each exon. For each exon, we then extracted the adjacent 150 nucleotides (nt) of the upstream and downstream introns. For the upstream intron sequence, we discarded 20 nt from the 3 0 end as these are part of the splice-site signal. For the same reason, we also discarded the first 6 nt of the downstream introns and the first 2 and the last 3 nt of the exons. For both the upstream and downstream introns we also removed bases that were part of the preceding or succeeding exon's splicesite signal, if relevant. We then defined exons as flanked by ''short'' introns if both the upstream and downstream introns were shorter than their respective 25th percentile values. Similarly, we defined exons as flanked by ''long'' introns if both the upstream and downstream introns were longer than the 75th percentile of both the upstream and the downstream introns. Exons that did not fit in either of these two categories were discarded.
Mutation and Alternative Splicing Data Sets Compilation
Multiple sources were used to generate a comprehensive mutation data set. We downloaded 478 human mutations that were collected and analyzed previously by Krawczak et al. (2007) . This data set was comprised of single base-pair substitutions located within the splice-sites of 38 different human genes. Additional mutations were collected from the ''Aberrant Splicing Database'' which includes an extensive collection of mammalian genetic disease mutations (Nakai and Sakamoto, 1994) and from published literature (Desmet et al., 2009; Roca et al., 2003) . Next, we excluded redundant mutations and redundant exons/introns that contained them (for example, introns that contained more than one mutation-leading to identical exon skipping events-were used once). We collected a total of 199 disease-associated mutations that lead to exon skipping. In addition, we constructed two data sets: one of intron retention and one of exon skipping events. These data sets were based on previously published microarray data for 24,426 alternative splicing events across 48 tissues and cell lines (Castle et al., 2008) . For each event, these data sets contain 48 values indicative of the change in relative abundance of the splice forms (as the change in percent of splice form composition) across the tissues and cell lines. The intron retention data set includes 584 intron retention events found to be significantly different in at least one tissue or cell line compared to a mixed tissue pool. The exon skipping data set includes significantly different events in at least one tissue or cell line that were intersected with the data sets of exons flanked by long or short introns.
Construction of Nucleosome Occupancy Maps for Exons with Long and Short Flanking Introns
The mapping of nucleosome occupancy was done using the MNase-Seq data of active T cells obtained from Schones et al. (2008) . In order to map nucleosome positioning upon the exon-intron genomic regions, we constructed a script that enabled us to cast a given value (per genomic position) onto a set of coordinates, resulting in a per-nucleotide map of values. We used this script to cast the obtained nucleosome positioning data onto the coordinates of exons and flanking intronic sequences (600 nt upstream and downstream) of both groups of exons (''low GC'' and ''high GC'').
Minigene Choice Criteria and Cloning
We cloned genomic sequence from three representative groups: (1) exons with high GC content flanked by short introns with similar GC content; intron length was restricted to 250 nt; exon length was restricted to 185 nt; exon and intron GC content is of at least 65%; (2) exons with low GC content flanked by long introns with significantly lower GC content; intron length was restricted to 1,000-2,500 nt; exon length was restricted to 185 nt; intron GC content less than 40% and at least 8% under that of the exon; (3) exons with low GC content flanked by short introns with significantly lower GC content (representing the ancestral gene architecture); intron length was restricted to 250 nt; exon length was restricted to 185 nt; intron GC content less than 40% and at least 8% under that of the exon. For further procedures pertaining to the minigenes see Extended Experimental Procedures.
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